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The impact of illumination on the connection part of the tandem organic light-emitting diodes was

studied by using a special organic multilayer sample consisted of two organic active layers coupled

with different transition metal oxide (TMO)-based intermediate connectors (ICs). Through

measuring the current density-voltage characteristic, interfacial electronic structures, and

capacitance-voltage characteristic, we observe an unsymmetrical phenomenon in current density-

voltage and capacitance-voltage curves of Mg:Alq3/MoO3 and MoO3 composed devices, which

was induced by the charge spouting zone near the ICs region and the recombination state in the

MoO3 layer. Moreover, Mg:Alq3/MoO3 composed device displays a photovoltaic effect and the

Voc shifts to forward bias under illumination. Our results demonstrate that the TMO-based IC

structure coupled with photovoltaic effect can be a good approach for the study of photodetector,

light sensor, and so on. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881156]

The organic light-emitting diodes (OLEDs) with tandem

structure have drawn significant attention, due to their poten-

tial to increase both the current efficiency and operating life-

time of the device.1–8 Intermediate connector (IC), which was

sandwiched between two individual units in tandem OLEDs,

has been found to be the dominant contributor to the perform-

ance improvement. Accordingly, extensive efforts have been

continuously made to develop highly efficient ICs and most

of the studies about the ICs are focused on their influence on

the device electrical properties, operational stability, charge

generation, and separation process, and so on.1–3,9–11 At the

meantime, many important researches on a better understand-

ing of the contribution of ICs to the OLEDs have been

made,1,3,10,11 and various models have been proposed to

understand the generation and separation process of charge

carrier induced by ICs, such as organic thin-film diodes

adopted the electric-field-induced charge-carrier separation

model of magnesium (Mg):tris(8-hydroxyquinolonato) alumi-

num (Alq3)/vanadium oxide (V2O5),9 and so on.

Under an applied electrical field, intermediate connector

in tandem OLED can generate electrons and holes. The gener-

ated charges will inject into the neighboring electron transport-

ing layer (ETL) and hole transporting layer (HTL) of the

individual electroluminescence (EL) units, and then recombine

with holes injected from the anode side or electrons injected

from the cathode side for light emission.10–12 This is the basic

understanding of carrier processes happened inside OLED

with ICs, but these processes are rather complex in real device,

owing to the ambiguity of interfaces, the shift of energy band,

etc. It is well known that a completed ICs can establish a

charge spouting zone in the connection part of the tandem de-

vice, which can facilitate the charge recombination and bal-

ance the current between two sub-units of the devices.9

However, the detailed study of the work mechanisms of such

charge spouting behavior is still insufficient, especially, at the

condition of both applied electrical and optical fields. Hence, it

is necessary to study the carrier generation and separation near

ICs region taking into account the photoelectric effect. In our

previous work, the impact of TMO-based ICs on charge gener-

ation and separation was investigated and the different func-

tionalities of each intermediate layers in the tandem structures

were also clarified on the basis of charge injection enhance-

ment as well as leakage blocking.11,13 Consequently, these

results motivated us to further study the influence of illumina-

tion on charge generation and separation processes dominated

by the insertion of ICs structure, in order to obtain a whole

physical picture of carrier behavior in the tandem devices.

Therefore, we fabricated a special simple multilayer structure:

ITO/LiF (1 nm)/Alq3(70 nm)/ICs/NPB(70 nm)/MoO3(4 nm)/Al

(100 nm) without and with TMO-based ICs (Mg:Alq3

(10 wt. %, 10 nm)/molybdenum trioxide (MoO3, 5 nm)) to sim-

ulate the connection part of tandem OLEDs and investigate the

electrical mechanism of these samples by means of interfacial

electronic observation with the corresponding device charac-

teristics. Here, the typical IC structure is introduced due to the

advantages of its constituent materials. Known that MoO3 has

advantages of high work function and optical transparency in

the visible region for photon output. Meanwhile, Mg as an

n-type dopant does not need the special treatments during the

fabrication process because of its atmospheric stability.

In our experiment, ITO-coated glass substrates were

UV/ozone treated to be nearly free from organic residuals.

All of the organic films were thermally deposited onto the

top of ITO substrates under a high vacuum with a base pres-

sure of 2� 10�6 Torr. Finally, the cathode layer of Al was

deposited onto the surface of MoO3 layer. A quartz oscillat-

ing crystal situated near the substrates was used to monitor

the deposition rate and thickness of each film. The doped

layer was thermal co-evaporation from individual sources

and the doping ratio was controlled through two

quartz-crystal monitors.
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After deposition, the fabricated devices were transferred

into a nitrogen-filled glove box without exposure to the

atmosphere for encapsulation, and then tested in the ambient

condition at room temperature. In this work, the 300 W

xenon lamp and Zolix LSP-X150 Power Supply for Arc

Lamp with monochromatic light wavelength of 300, 350,

400, 450, 500, 550, 600, 650, 700, 750, and 800 nm were

used for illumination. The current density-voltage (J-V) char-

acteristics were measured by a computer-controlled pro-

grammable Keithley model 2400 power source. Interfacial

electronic structures were conducted in a Kratos AXIS Ultra

DLD ultrahigh-vacuum (UHV) surface analysis system. The

capacitance-voltage (C-V) curves were recorded via Keithley

4200-CVU semiconductor characterization system.

Fig. 1 shows the comparison of the J-V characteristics

for two simple multilayer devices with and without

Mg:Alq3/MoO3 as the ICs layer in the condition of dark and

300 W xenon lamp, respectively. Meanwhile, we also pre-

pare multilayer devices using only MoO3 (5 nm) as the IC to

obtain more detailed information about charge generation

process in the interfacial region. In our measurements, the

electrical signal was applied on the ITO electrode with refer-

ence to the grounded Al electrode. It can be seen from Fig. 1

that the J-V curves of both devices A (Mg:Alq3/MoO3) and

B (MoO3) appear exponential shape, but the current densities

increase in opposite directions. For device A, the current

density is very high with forward bias, while the current den-

sity of device B increases significantly with reverse bias.

Moreover, device C without MoO3 shows lower current den-

sity in both conditions, indicating that MoO3 layer is the

dominant contributor for facilitating charge transport inside

the simple multilayer device.11,13 Our results are in good

agreement with other previous researches.3,11,14,15

To further analyze the different carrier behavior inside

these three kinds of multilayer devices A, B, and C, the elec-

tronic structures of the intermediate connectors with the

neighboring ETL and HTL layers were measured via

ultraviolet photoemission spectroscopy (UPS). According to

the J-V characteristic and electronic structure measurements,

we simulate charge generation and transport process of devi-

ces A (Figs. 2(a) and 2(b)), B (Figs. 2(c) and 2(d)), and C

(Figs. 2(e) and 2(f)) on the reverse (Figs. 2(a), 2(c), and 2(e))

and forward bias (Figs. 2(b), 2(d), and 2(f)). For device A,

higher current density was only observed with forward bias,

suggesting that a charge spouting zone is formed near the IC

region.9 As shown in Fig. 2(b), holes and electrons can be

generated at Mg:Alq3/MoO3 and MoO3/NPB interfaces and

facilitate the charge transport in the device. However, the

established charge spouting zone can only work in one direc-

tion and thus current was prevented under the reverse bias

(see Fig. 2(a)). Device B presents lower current density with

the forward bias, because the charge spouting zone cannot be

established by the MoO3 single layer. Nevertheless, the

MoO3 layer can provide some recombination states, which

leads to the recombination of electrons and holes injected

from the anode and cathode.16,17 Therefore, higher current

can be observed from device B under reverse bias.

Meanwhile, device C shows no current under both forward

and reverse bias, which is due to the lack of both charge

spouting zone and recombination state. Similar multilayer

sample with the only Mg:Alq3 as the IC layer was also fabri-

cated and tested. The J-V results are the same as that of de-

vice C, which proves that MoO3 is the predominant factor in

the IC structure.

In order to fully understand the working principle of

the ICs layer, we also studied the photo-induced carrier

behavior of the devices. As can be seen in Fig. 3(a), in the

dark condition, the zero-current point exhibits a shift

towards negative voltage, which results in Voc (D) � 0. It is

reported by Malliaras that the steady state current density in

the dark is18

JD ¼ Je þ Jh

¼ e
Vbi � V

d

� �
ðlenc þ lhpaÞ � ðlena þ lhpcÞeqd

eqd � 1
: (1)

Herein, J is current density, e is the electron charge, l is the

mobility, n is the electron density, p is the hole density, d is

the thickness, Vbi is the build-in potential, the subscripts a, c,

e, and h denote the anode, cathode, electron, and hole,

respectively, and

q ¼ 1

d

eðVbi � VÞ
kT

: (2)

When the current density is zero, there may be

Vbi � V ¼ 0: (3)

Consequently, the Voc (D) under dark condition is decided

by the build-in potential Vbi, which is usually decided by the

work function difference between two electrodes.19–22

However, these three kinds of devices have the same electro-

des (see Fig. 2), indicating that work function difference

may not be the only dominant factor for Vbi. As shown in

Fig. 3, the Voc (D) of devices B and C, which corresponding

to the only MoO3 as the IC and no IC, are close to zero,

while device A shows a significant negative Voc (D). The

FIG. 1. Dark (large figure) and illumination (inset) current density-voltage

characteristics of devices with Mg:Alq3/MoO3 (dark square), MoO3(red

circle), and none (blue triangle) in the intermediate connectors, respectively.
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presence of negative Voc suggests that there is a Vbi pointing

at the direction from ITO to Al, which is opposite to other

researchers’ results.22,23 It is important to note that all the

measurements under dark conditions are preformed in the

dark room and thus the contribution of illumination can be

neglected, which means that these different Voc (D) should

be attributed to the different electrical properties. With the

insertion of ICs layer, charge generation and separation will

be enhanced (see Fig. 1) and therefore the recombination of

accumulated charges and trapped carriers near the interface

will be accelerated, which may also induce the hysteresis

behavior during the J-V measurement and result in the nega-

tive value of Vbi and Voc (D).24 Since the device B exhibits

zero Voc (D), we can speculate that the trapping and charge

accumulation mostly happen at the interface of

Mg:Alq3/MoO3.

Under illumination, device A works like a photovoltaic

cell (see Fig. 3(b)), where the drift of photogenerated charges

produces a photocurrent under the influence of Vbi. It is im-

portant to note that under the zero bias, the photo current

flows from Al to ITO inside the sample, suggesting that holes

transport through Alq3 layer while electrons pass through

NPB layer, which is rather surprising. However, we repeated

the experiments several times and further confirmed such

results. The detailed reason for this current may be the

built-in potential or the strong interfacial dipole induced at

the ICs and its adjacent interface.23 In accordance with above

negative photo current, Voc(L) of device A lies in the positive

voltage region. As depicted in Fig. 3(b), under illumination,

Voc(L) of devices A, B, and C are 1.25, 0, and �0.75 V,

respectively, where Voc(L) is significantly increased by

inserting the Mg:Alq3/MoO3 IC into the simple multilayer

device. Since some of the Voc under dark condition is not

zero (see Fig. 3(a)), the effective contribution of the photo-

voltaic effect should be expressed as DV¼Voc (L)�Voc (D).

Knowing that charge accumulation near the electrodes, pin-

ning of the Fermi level at interface states, formation of a

dipole layer or chemical reactions between the metal and the

polymer each will result in the variation of Voc.
19–21,25,26

Additionally, the open-circuit voltage can be given as an

energy difference between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO) levels of the donor and acceptor organic layers

taking into account of the build-in potential Vbi,

FIG. 2. Schematic representations of

electronic level diagrams for simulate

the charge carriers dynamics in devices

A (a) and (b), B (c) and (d), and C (e)

and (f) in dark condition.
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Voc / ð1=eÞðEdHOME� EaLUMOÞ þ Vbi. (In our case, for

device A, EdHOMO and EaLUMO are HOMO positions of

Mg:Alq3 and LUMO positions of NPB, respectively.)

As reported in previous studies,27–29 the accumulated

charges on the donor-acceptor interface restrained the photo-

generated charges from leaving the interface and require

another external voltage V0 to overcome this suppression.

Accordingly, the effective Voc is deteriorated by this V0. It is

the reason that the ICs facilitates charge generation and trans-

port across the donor-acceptor interface inside the simple

multilayer devices, which results in the suppression of charge

accumulation inside the device and further induces a signifi-

cant enhancement of DV in device B. Hence, we conclude

that the insertion of ICs layer can lead to the variation of DV
under illumination from two aspects, which are the change of

electronic structure at each interface and the suppression of

charge accumulation at the interface. To better elucidate the

difference in Voc of devices composed of three kinds of ICs

mentioned above, C-V measurement was carried out with the

same device structures and external conditions as the J-V
measurement. Fig. 3(c) depicts the normalized capacitance

(C) versus external DC bias of devices at a fixed frequency of

10 kHz, in which the C0 is the geometric capacitance at zero

bias. Under the dark condition, with the change of applied

voltage, the capacitance of devices A and B increase first to

the maximum value and then decreased. The capacitance

increases up to the maximum capacitance until the injected

holes and electrons are well balanced. Then, it drops abruptly

because of the efficient electron–hole recombination, which

results in a peak value in the C-V measurement. Knowing

that for the devices A and B, the peak of the capacitance was

observed with forward and backward bias, respectively,

which are in good agreement with the J-V measurement. The

increasing rate of capacitance (DC/V) is related to the charge

injection efficiency.30 Therefore, the charge injection process

is much easier with the device A, which has the completed

charge spouting zone. Meanwhile, the capacitance of the de-

vice C shows little change with all the voltage bias, indicating

that charge injection cannot happen without the ICs. On the

other hand, the capacitance curves of these devices appear

different tendency in the dark and illuminated conditions.

Once illuminated, the C/C0 of devices A-C increases to a

larger value and appears a decreasing trend on the reverse

bias, which may be related to the contribution of illumination

inducing the generation of carriers from NPB/MoO3 inter-

face.31,32 On the forward bias, devices A and C still keep the

same trend as the dark condition, while the C/C0 of device B

increases to a larger value. These results show that the

derived holes combine with the electrons excited from MoO3

layer near the cathode under illumination. Meanwhile, the

lower voltage at which the capacitance starts to increase may

result from the enhancement of charge injection. As can also

be seen in Fig. 3(c), the maximal voltages (Vpeak) shift to

lower value for the devices A and B is due to the enhance-

ment of carriers generated in MoO3 layer and transported to

electrodes. Therefore, the large and small Vpeak values corre-

spond to hard and easy injection of charges. With the help of

IC layer, the charge generation in the middle region of the

simple multilayer device also facilitates charge injection

from electrodes and the injected charges will then recombine

with generated charge in the neighboring region of ICs layer,

which results in the decrease of charge accumulation inside

the sample. This result confirms that the suppression of

charge accumulation inside the devices can lead to increase

of Voc under illumination.

To confirm that illumination has an effect on the Voc of

devices, two devices with and without ICs were investigated

FIG. 3. (a) and (b) J-V and (c) C–V characteristics of devices composed of

ICs with Mg:Alq3/MoO3 (dark square), MoO3 (red circle), and none (blue

triangle) under the condition of dark (solid) and light (hollow), respectively.

C0 is the geometric capacitance at zero bias.
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under different monochromatic light. As shown in Fig. 4,

devices A and C show a similar trend of Voc variation, which

first increase to the peak Voc and then decrease to a constant

value with the increase of wavelength, indicating that Voc (L)

is indeed influenced by illumination with different light in-

tensity, which is in good accordance with the earlier report.33

It is noticed that the photo energy (E) has a relationship with

the wavelength (k), which can be expressed as follows:

E ¼ 1240=k: (4)

Here, photo energy is inversely proportional to wavelength,

which can be seen from Fig. 4 as well. It is interesting to

note that the variation of light wavelengths leads to the

change of the Voc and a peak value of Voc was observed at

the wavelength of 400 nm, as shown in Fig. 4. The similar

phenomenon was also observed by other researches use dif-

ferent sample.34 The possible reason of this behavior may be

due to the chemical reaction in the interfacial region induced

by the illumination. Noteworthy that the wavelength of

400 nm is belong to ultraviolet light, which can lead to the

decomposition of organic materials.35,36 A better understand-

ing of such variation of Voc still needs further investigation.

In conclusion, the carrier behavior of special multilayer

devices based on different kinds of intermediate connectors is

discussed in this paper. The results show that the

Mg:Alq3/MoO3 composed device works like photovoltaic

cells under illumination. Accordingly, intermediate connectors

can suppress charge accumulation inside the device and finally

change the Voc. Our results demonstrate that photovoltaic

effect is the critical factor for the study of intermediate con-

nectors composed organic photo-electronics devices, which

can effectively modify the performance of these devices.
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